INTRODUCTION
A seismic system, whether it be for surface or downhole acquisition, consists of four major components: the source, the sensors, cables connecting the sensors, and the recording system. To make acquisition quicker and/or cheaper requires removing one or more of these components from the acquisition system. Removing the source, or rather using already existing sources of seismic energy, results in the passive seismic method. Recently, many cable-less or nodal systems have been introduced for land seismic acquisition (see Dean et al., 2013 for a review) although these require a recording truck for controlling the sources and/or downloading/collecting the data. Another alternative is to keep the cables but remove the sensors; this can be achieved by using a fibre-optic cable as the sensor.
The use of distributed fibre-optic based seismic acquisition systems is gaining increased attention, particularly for use in vertical seismic profile (VSP) surveys, due to their ease of use, relatively low cost, and excellent spatial sampling. Although referred to by a variety of names (distributed vibration sensing or DVS, distributed acoustic sensing or DAS) these systems all employ related techniques; a fibre-optic cable is used as a 'sensor' which is interrogated by launching laser pulses into one end and then monitoring the resulting backscattered light from inhomogeneities in the fibre that are fundamentally related to the manufacturing process.
In this paper we describe the fundamentals of the measurement itself and the instrumentation we use to record seismic data, before giving an example of DVS data.
MEASUREMENT FUNDAMENTALS
An optical fibre is created by melting a preformed rod of glass and drawing it into a long, thin strand containing the desired structure, namely a core surrounded by a cladding of slightly lower refractive index. The refractive index contrast traps the light allowing it to be guided with low loss over considerable distances. There are two major types of fibre optic cable, single mode fibres have such thin cores that the light can only travel as a single ray, the cores of multimode fibres are larger, resulting in a variety of different ray paths. The drawing process introduces microscopic fluctuations in the refractive index of the glass. These fluctuations scatter light in all directions (Rayleigh scattering) but only a small fraction (~0.25% for typical single mode fibres) of the angles result in the light being guided back up the cable (Figure 1 ).
The backscattered signal is the accumulation of the scattered light from all of the scatterers falling within the section of fibre occupied by the probe pulse. If the probe has a broad spectrum, then the contributions to scattered light from the different locations within the pulse are randomly related in phase and their energy can be summed. However, if the transmitted pulse has a narrow spectrum then the light scattered from within the section of the fibre occupied by the pulse at a given time is coherent, this results in a stable, but random, phase relationship between the contributions to the scattering signal. Specifically, the electric field contributions from each scatterer are summed at the detector and thus the phase relationship between the elemental scattered light contributions is critical. In some areas the scatterers are largely in phase resulting in a strong electric field, in others, with a broad distribution of phases, the electric fields of the scatterers may almost cancel.
When the cable is at rest (Figure 1a ) the distance between scatterers is constant and therefore the backscattered signal is also constant. If a seismic wave disturbs the cable then the distance between the scatterers changes (Δs, Figure 1b ). This change in distance results in both amplitude and phase variations in the backscattered signal from the second scatterer (of course the fibre has a very high density of scatterers so identification of the contribution from individual scatterers is not possible). 
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If a section of the fibre is disturbed then the phase of the backscatter will be altered in an unpredictable manner but the phase of all the subsequent sections will be altered linearly with respect to strain (Figure 2 ). The amplitude of the backscatter will also change but the response is highly nonlinear and thus ill-suited to seismic applications (Hartog et al., 2013) . There is, however, an approximately linear relationship between the difference in phase between two sections of the fibre and the strain between these two sections and this is what we wish to measure. Distributed fibre-optic seismic systems employ the principle of coherent optical time-domain reflectometry (COTDR), this involves launching successive pulses of light into a fibre and monitoring the backscattered signal.
The different methodologies commonly employed are described in Hartog et al. (2013) but in this work we will only describe that which we employ, heterodyne distributed vibration sensing or hDVS.
A schematic of the hDVS system is shown in Figure 12 . The laser acousto-optic modulator (AOM) modulates the intensity of the laser to create a pulse and also shifts the optical carrier frequency by Δf (Figure 12b) . The light pulse then passes through an amplifier and is launched down the cable. The backscattered signal is fed into a balanced receiver where it is mixed with the signal direct from the laser resulting in a beat frequency of Δf (the heterodyne principle, Figure 12c ). This results in the amplitude of the signal being increased to the level where it can be digitised directly whilst the phase of the signal is preserved at Δf which is at a low enough frequency to allow digitisation after the application of a low-pass filter (Figure 12d ). An example of two signal traces is shown in Figure 3 . Processing the backscatter signal involves extracting the phase from the recorded signal and then calculating the differential phase across a selected interval called the gauge length or differentiation interval (Figure 4) , this is either fixed as a result of the hardware being used (e.g. Mateeva et al., 2014) or, as in our case, can be varied in processing.
The channel spacing is restricted by the ability of the acquisition system to sample the fibre and is given by
where v light is the two-way group velocity of light within the fibre and f d is the sample rate of the acquisition system. For the data presented here the values are 1.027 x 10 8 m/s and 300 MHz giving a sample spacing of 0.34 m (although the data is often down-sampled to a larger interval). The fibre optic cable itself can be either be permanently installed, either behind the casing or on tubing, or integrated within wireline cables .
NATURE OF THE MEASUREMENT
A single measurement made using an hDVS system provides instantaneous strain at various positions down the fibre. These individual measurements, one for each pulse of the laser, are then differentiated along the fibre giving a measurement that is basically the rate of change of strain (the change in length of the fibre) or the strain rate. As a seismic wave impinges on the fibre, the strain on the fibre changes, thus allowing the passage of the wave to be recorded ( Figure 5 ). Unlike conventional measurements, strain is not measured at individual points but is instead measured across a section of the fibre (Figure 4 ). The rate of change of strain is a speed measurement, i.e. velocity without direction. This is shown in Figure 6 which is the result of correlating a downhole fibre measurement acquired using a vibroseis source as if it were a velocity measurement, if the fibre measurement is proportional to velocity then the result should be approximately zero-phase, which it is. The strain rate gives no indication of the direction of the seismic wave that is causing it (see the dashed red line in Figure 5 ). This results in the polarity of the wave being independent of the direction from which the wave is coming. Figure 7 shows a section of three synthetic zero offset VSP records (geophone, fibre and hydrophone) containing the direct arrival and a reflection. The polarity of the first breaks are consistent but the polarity of the reflection for the fibre and hydrophone data is opposite to that of the geophone. Although the polarity of fibre measurements has not been formally defined, given its similarity to hydrophone measurements, it makes sense to adopt the SEG polarity convention for the latter as defined in Brown et al. (2002) . The phase of geophone and hydrophone measurements often differ by 90° (Sheriff & Geldart, 1995) but VSP experiments have found them to be relatively in phase (Gulati et al., 2001; Greenwood et al., 2012) . The synthetic data shown in Figure  7 shows a better phase match between the fibre and geophone measurements (compare the relative amplitude of the sidelobes) than the hydrophone data.
It is often stated that the magnitude of the amplitude measured using a DVS system is approximately proportional to cos 2 θ where θ is the angle of incidence, in contrast to a geophone where the measured amplitude is proportional to cos θ ( Figure  8) , and a hydrophone which is omnidirectional. The relationship between amplitude of incidence and amplitude is actually considerably more complex and is dependent on wavenumber as well. Figure 9a shows the amplitude vs. angle and wavenumber for a differentiation interval of 5 m; apart from the notch at θ = 90° there are further notches where the apparent wavenumber is a multiple of the fibre-length. Only for wavenumbers close to zero does the relationship approximate cos 2 θ, above this value the response is considerably better. Figure 11 shows data acquired at a test well in the UK (cased without completion) using an optical wireline cable . A portable airgun tank (Clark and Mackie, 2013) source was used and data was also acquired using conventional three-component geophone-accelerometer sensors. Figure 11a shows the conventional data acquired with 50 feet depth intervals. Figure 11b shows a single hDVS shot and Figure 11c a stack of nine hDVS shots. The similarities between the datasets are clear, the hDVS data clearly shows the first break and various reflectors. Tube waves are not visible on the conventional data due to the tool being clamped to the borehole. 
EXAMPLE RESULT

CONCLUSIONS
The use of distributed vibration sensing measurements for acquiring quicker and cheaper seismic surveys is extremely promising. Although the signal to noise ratio of such data is, so far, lower than conventional systems it continues to improve.
